The current limits of magnetic focusing systems are examined and approximate formulas for long solenoids and periodic channels with short lenses (solenoids and quadrupole doublets) are derived. The characteristics and limitations of conventional sources, pulsed ion diodes, and collective-field accelerators for the generation of intense, energetic ion beams are compared. Use of a collective-ion accelerator with debuncher is suggested as injector into an induction accelerator.
Introduction
The desired beam characteristics for pellet fusion with heavy ions and possible accelerator systems have been discussed and documented in the final report of the 1976 ERDA summer workshop on inertial fusion with heavy ions.1 Typically, for uranium beams, one needs at the target --depending on pellet radii between 1 and 10 mm --final energies between 20 and 60 GeV, particle currents from 4 to 10 kA, normalized emittances of 1 to 10 cm-mrad in transverse direction, and 100-500 cm-mrad in longitudinal phase space. For charged particles of lighter mass than uranium, the energy is reduced to give the same range in the target and the current is accordingly higher. In the case of protons, for instance, energies are about 10 MeV and currents are in the range of 10 MA.2 Pulsed highvoltage ion diodes appear to be the most promising approach to obtain the proton beam powers required, and 1 MeV, 250 kA beams have already been achieved in experiments.3 Focusing and transport of the beams to the target, repetition rate, and reproducibility are the major problems with ion diodes that need intensive studies in the future. Pellet fusion with high-energy heavy ions, such as uranium, on the other hand, brings into play, and is almost within reach of, the welldeveloped technology in the particle accelerator field, as was first suggested by Martin4 and Maschke.5 While the systems proposed are very large in physical size compared to ion diodes, the electromagnetic energy is distributed over a large volume, and the repetition rate should therefore not be as difficult to achieve.
With regard to heavy-ion fusion, the systems being considered at this time fall into two groups: linacsynchrotron combinations and the induction accelerator proposed by Keefe.1 Common to both systems is the feature that they start with low currents in long pulses (though the induction accelerator can accept higher currents than a linac) which by various techniques have to be compressed into a few nanoseconds when they hit the target. The focusing problem is therefore most severe at the high-energy end of the accelerator where it was studied by Garren1 and at low energies near the ion source. In the present paper, we will examine the current limits of solenoidal and quadrupole focusing channels (Section 2) and the possible use of collective-field accelerators as ion source/ injector systems for an induction accelerator (Section 3).
Beam Focusing and Space Charge Limits in
Solenoidal and Quadrupole Channels p0 is the canonical angular momentum which evidently has the same effect as an increase of the emittance.
We now examine the current-handling capability of a long solenoid and a periodic focusing system with either short solenoid lenses or quadrupole doublets.
(a) Uniformly focused beam in a long solenoid. Let us assume that the beam propagates in a conducting pipe of radius a and that the solenoidal coil windings around the pipe produce a uniform axial magnetic field. The optimum situation of uniform focusing is achieved when the beam is matched, i.e., when rm =a =constant, and hence, from Eq. Substituting numerical values for the constant in (7), we obtain, with f =0, for the maximum curre
where Ro= ro/jg. 
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In the nonrelativistic limit, the current is
where T/A is the kinetic energy per nucleon in MeV.
From these results, we conclude that the maximum particle current I/Z transported by the channel is independent of the charge state Z, and the power depends only on the energy per nucleon for given channel parameters (B a) contrary to reference7. In heavy-ion sources, the output current drops rapidly for higher charge states, which tends to offset a decrease in emittance as Z increases.9 Heavy ion currents from conventional sources are probably limited to 100 mA, with voltages of 100 kV. To get kA of uranium current at the pellet, current multiplication of 4 x 104 would then be required.
Pulsed Ion Diodes. The only alternative for achieving higher currents is to operate the diode above the breakdown limit as is the case in intense relativistic electron beam (IREB) generators and their application to produce intense ion beams. Here, VO is in the range of megavolts and d in the range of centimeters. Operation in the breakdown regime implies a very short pulse length (30-100 ns) as the diode gap is quickly shorted out (impedance collapse). In such pulsed ion diodes, the emphasis so far has been on the generation of very high proton currents suitable for fusion. Sources of this type could undoubtedly be developed for heavy ions. Large energy spread, poor emittance, and achieving the repetition rate could be a problem, though no systematic measurements have been made so far.
Collective Ion Accelerators. Even with ion diodes, the energies per nucleon for heavy ions, like uranium --though considerably higher than in conventional sources --would only be in the 10 keV range. For this reason, collective ion accelerators, where energies many times higher than VO can be achieved, appear to be the most attractive source for heavy ions. Boyer, Kim, and Zorn 1, in similar experiments at our laboratory, confirmed the high energy amplification that can be achieved with this type of collective field accelerator. With electron beams of <1 MV, 30 kA, and 30 ns pulse width, they obtained 12 kA, 4 ns proton bunches with a sharply defined peak of 16 MeV and a radius of less than 0.5 cm when a magnetic field of 1.8 kG was applied. The ion energy appears to be proportional to the peak electron beam power. In contrast to pellet fusion with protons, only a very small fraction of the final energy must be provided by the IREB generator when heavy ions are used. The electron-beam power in this case should make the problem of achieving the desired repetition rates more comparable to that of existing induction accelerators.
